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Abstract
Driven by Renewable Portfolio Standards and Renewable Fuel Standard,
biopower generation and biofuel production will increasingly compete for the
same biomass resource over the next two decades. We use a linear program-
ming model to study this competition as well as other interactions between
the two policies. Our model describes the U.S. renewable energy portfolio
by explicitly accounting for all major renewable energy resources, unique
resource availability and policy requirements in all 50 states and Washing-
ton D.C., and policy deadlines set by all RPS and RFS2 policies within a
2013-2035 modeling horizon. Our modeling results were used to address five
important questions regarding interactions between RPS and RFS2 and the
impact on U.S. renewable energy portfolio.
Keywords: Renewable Portfolio Standard, Renewable Fuel Standard,
Biomass, Biopower, Cellulosic biofuel
1. Introduction
Renewable Portfolio Standard (RPS) and the revised Renewable Fuel
Standard (RFS2) are expected to be two major policy drivers for the growth
of the renewable energy portfolio in the United States in the next couple
of decades. Although numerous studies have been conducted to assess these
policies separately, most focused on their effectiveness in fostering the growth
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of a subset of the renewable energy portfolio within a geographic region de-
fined in the policy jurisdiction, and few have examined the interactions be-
tween RPS and RFS2 or the implications of such interactions on the nation’s
holistic renewable energy portfolio. In particular, biomass can be used to ei-
ther generate electricity (biopower) to meet the RPS mandates or to produce
biofuel to meet the RFS2 requirement. As such, the two policies have created
an incentive for biopower and biofuel to compete for the same resource. How-
ever, the short-term outcome and long-term implications of such competition
have yet to be fully understood by policy makers and other stakeholders of
the renewable energy industry. Therefore, we are motivated to examine the
potential competition for biomass between biopower and biofuel, other inter-
actions between RPS and RFS2, and the implication of these interactions on
the growth of the U.S. renewable energy portfolio over the next two decades.
To understand the status quo of the U.S. renewable energy portfolio, we
created a diagram using data from Table A17 of the EIA Annual Energy
Outlook [1], as shown in Figure 1. Biomass was the resource for 51% of
the total renewable energy consumed in 2012 (8.4 quadrillion Btu)1 in five
sectors: residential 6%, commercial 1%, industrial 26% (collectively referred
to as R.C.I.), transportation (biofuel) 15%, and biopower 3%. Wind 15%,
geothermal 2%, and solar 0.4% (collectively referred to as W.G.S.) accounted
for 17% and hydropower 32% of the total renewable energy portfolio.
The RPS and RFS2 policy drivers, along with others such as the pro-
duction tax credits (PTC) or investment tax credits (ITC), will drive the
U.S. renewable energy portfolio in 2035 very different than it was in 2012.
RPS targets on increasing renewable electricity, including biopower, W.G.S.
power, and hydropower [2]. As of April 2013, thirty states have established
RPS mandates and eight have set similar but non-binding goals [3]. So far,
the RPS rules in different states are all unique. These rules differ by program
structure, enforcement mechanism, classification of generating technologies
in tiers, mandated percentages or MWh of renewable electricity generation,
deadlines, and non-compliance penalties. There is a rich body of literature
on the feasibility and potential impact of RPS.
Johnson and Moyer [4] analyzed the Illinois RPS and suggested that full
implementation of the legislation in Illinois (and perhaps other states) is
unlikely without “continued reductions in wind and solar costs and/or an
1One Btu equals to 1055.0559 joules
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unforeseen rise in wholesale electricity rates.” Cory and Swezey [5] discussed
the “hurdle of RPS rules that vary from state to state” that implementation
of RPS must surmount to be successful. Carley [6] found that “states with
RPS policies do not have statistically higher rates of RE [renewable energy]
share deployment than states without RPS policies.” On the contrary, Yin
and Powers [7] used a new measure of policy stringency to argue that “RPS
policies have had a significant and positive effect on in-state renewable energy
development.” They also pointed out that allowing for free trade of renewable
energy certificates “can significantly weaken the impact of an RPS.” Menz
and Vachon [8] also found RPS to be effective in “promoting the development
of wind capacity.” Palmer and Burtraw [9] compared the cost effectiveness
of RPS, production tax credit, and cap-and-trade and concluded that cap-
and-trade is more effective in achieving carbon emission reductions than the
other two.
Renewable Fuel Standard (RFS) is a federal program designed to help
protect public health and the environment and reduce the dependence on
imported petroleum. Renewable fuels are defined as liquid or gaseous fu-
els derived from renewable biomass energy sources. A mandatory minimum
volume of biofuel to be used in the national transportation fuel supply was
established in 2005 with the Energy Policy Act. The initial standard man-
dated that the minimum usage volume of renewable fuel rise to 7.5 billion
gallons2 by 2012. Two years later, the Energy Independence and Security
Act of 2007 expanded the biofuel mandate to 36 billion gallons of (including
16 billion gallons for cellulosic and 20 billion gallons for non-cellulosic) bio-
fuel to be blended into transportation fuel by 2022 [10]. This revised RFS is
referred to as RFS2. A few recent studies have started to address the poten-
tial interactions of RFS2 with other policies. Jeffers et al. [11] studied the
bioenergy feedstock commodity market with three buyers: biopower, biofuel,
and foreign exports. Their simulation model showed that either biofuel or
overseas biomass demand could dominate the market under different pol-
icy settings. They also suggested that market competition can “effectively
drive up prices for the biomass feedstocks and potentially exclude industries
from the market.” Huang et al. [12] studied the interactions of three poli-
cies: RFS2, low carbon fuel standard (LCFS), and a carbon price. They
concluded that “the addition of a LCFS to the RFS increases the share of
2One U.S. liquid gallon equals to 0.0038 cubic meter
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second generation biofuel; the addition of a carbon price to these policies en-
courages fuel conservation; these combined policies significantly increase the
reduction in GHG emissions; [and] they also achieve greater energy security
and economic benefits than the RFS alone.”
Our study makes a new contribution to the existing literature by pioneer-
ing the analysis on the interactions between RPS and RFS2. In particular,
we are motivated to seek answers to the following questions that have not
been elucidated by previous studies. These questions are difficult to address
without looking at how the two policies (along with others) jointly affect the
entire renewable energy market along all resource, geographical, and tempo-
ral dimensions.
Q1: What are the potential interactions between RPS and RFS2?
Q2: Under RPS and RFS2, how will the competition for biomass between
biopower generation and biofuel production progress in the next two
decades?
Q3: Under RPS and RFS2, what is the outlook of renewable energy portfolio
in the U.S.?
Q4: How will different states’ unique renewable energy portfolios evolve in
the next two decades?
Q5: What factors is the U.S. renewable energy portfolio most sensitive to?
2. Model
In order to address the five questions that motivated this study, we
constructed an optimization model to describe the overarching interactions
within the complex renewable energy portfolio from resource, geographical,
and temporal dimensions. First, we include all major renewable energy re-
sources (biomass, W.G.S., and hydro) and demand sectors (biopower, non-
cellulosic and cellulosic biofuel, W.G.S. power, and hydropower) into the
modeling framework. As such, the prediction of renewable energy portfo-
lio from our model resulted from careful evaluation of costs (capital invest-
ment cost, operating and maintenance costs, and non-compliance penalties)
and benefits (sales revenue and tax credits) of each technology rather than
oversimplifying presumptions. Second, our model treats all 50 states and
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Washington D.C. as 51 separate entities, each having their own reserves of
renewable energy resources and unique RPS requirements (mandates, goals,
or neither). Nevertheless, our model also captures the interactions among
different states, including truck transportation of biomass and RFS2 compli-
ances. Third, we use a 23-year modeling horizon, which allows us to accom-
modate practical considerations of market trends before and after RPS and
RFS2 deadlines as well as time value of money.
We made several major simplifying assumptions, some of which are due
to lack of good data and others are believed to be necessary to maintain
tractability of the model without significantly compromising the credibility
of the results. First, our optimization model adopts a centralized and co-
ordinative planning perspective by maximizing the net present value of the
total profit (benefits less costs) of the U.S. renewable energy industry, which
is used to approximate the investment and operating decisions for all states
across all renewable energy sectors throughout the modeling horizon. In real-
ity, investment and operating decisions are made by multiple decision makers
in electricity and transportation fuel markets to serve their own objectives,
some competitively and others in coordination. Thus, game theoretic models
would be able to better describe such market behavior. However, game the-
oretic models would not only require much higher modeling granularity and
more sophisticated database but also encounter much more complicated com-
putational challenges such as the tractability, existence, and uniqueness of a
market equilibrium. Our optimization model avoids such problems by assum-
ing that the invisible hand of economy will direct the overall flow of capital
and natural resources in the most efficient manner towards cost minimiza-
tion and profit maximization for the entire industry. Second, our model is
deterministic, not taking uncertainty into explicit consideration. To address
the concerns raised in Q5 regarding uncertainty and its potential impact on
the renewable energy output, we conduct a sensitivity analysis by examining
the impact of dozens of parameters on the results. Third, our model treats
several factors as known parameters rather than decision variables due to
their lack of unforeseeable interactions with the rest of the model. For exam-
ple, demands of biomass energy in the R.C.I. sectors are not directly affected
by either RPS or RFS2, thus their projections in the next two decades are
treated as known. Non-cellulosic biofuel (mostly corn ethanol and soybean
diesel) production is also assumed to exactly meet the RFS2 requirement due
to abundant existing capacity of these conventional biofuel production facili-
ties. Fourth, we do not treat hydropower as RPS eligible for any state. Since
5
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the goal of the RPS is to encourage new investment in renewable energy, and
most hydroelectric facilities were installed decades ago, most states place
certain restrictions on hydropower by capacity, vintage, or technology, and
some do not count hydropower at all. Some legislations regarding the RPS
eligibility of hydropower are difficult to formulate in the model or require
more detailed data than what is publicly available.
Along the resource dimension of our optimization model as described
above, the structure of the model is depicted in Figure 2, which exactly
represents the major resources and demand sectors of the U.S. renewable
energy portfolio as diagramed in Figure 1. Following the categorization in
[13], we consider four major types of biomass: agricultural residues, energy
crops, forestry residues, and urban wood waste. The “other” category mostly
accounts for conventional biomass resources such as corn or soybean. Due
to the aforementioned reasons, the R.C.I. sectors, non-cellulosic biofuel, and
hydropower are treated as known parameters (all colored in blue) and are
not formulated as decision variables in the model. To accurately incorporate
RPS policy, our model sets a separate constraint for each RPS state and
for each eligible renewable energy defined in the legislation. Non-compliance
penalties for different types of renewable energy in different states are also
captured in the model. The RFS2 policy is similarly formulated as a soft
constraint with a penalty for non-compliances.
Using the sets, parameters, and decision variables defined in Appendix
A, the mathematical formulation of our optimization model is presented as
follows.
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max ζ =
∑
v,j,t(1 + r)
(t0−t)(βj,t + ϕv,t)xv,j,t +
∑
j,t(1 + r)
(t0−t)(βFt + ϕ
F
t )x
F
j,t(1)
−∑u,j,t(1 + r)(t0−t)cu,j,txu,j,t −∑u,i6=j,t(1 + r)(t0−t)pii,j,tyu,i,j,t (2)
−∑v,j,t(1 + r)(t0−t)(cv,j,t + fv,j,t)xv,j,t −∑j,t(1 + r)(t0−t)cFj,txFj,t (3)
−∑v,j,t(1 + r)(t0−t)lv,j,t(1− λv,t)zv,j,t −∑j,t(1 + r)(t0−t)lFj,t(1− λFt )zFj,t(4)
−∑j,t,k(1 + r)(t0−t)µj,t,ksj,t,k −∑t(1 + r)(t0−t)µFt sFt (5)
s. t.
∑
u ρu
(
xu,j,t +
∑
i6=j yu,i,j,t −
∑
i6=j yu,j,i,t
)
≥ dj,t + 1.45× 10−2xbiomass,j,t + 2.90× 10−4xFj,t ∀j, t (6)
xu,j,t +
∑
i6=j yu,i,j,t ≥
∑
i6=j yu,j,i,t ∀u, j, t (7)
pv,j,t = pv,j,(t−1) + zv,j,t ∀v, j, t (8)
pFj,t = p
F
j,(t−1) + z
F
j,t ∀j, t (9)
xu,j,t ≤ pu,j,t ∀u, j, t (10)
xv,j,t ≤ 8760αvpv,j,t ∀v, j, t (11)
xFj,t ≤ pFj,t ∀j, t (12)
zv,j,t ≤Mv,j,t ∀v, j, t (13)
zFj,t ≤MFj,t ∀j, t (14)∑
v qv,j,kxv,j,t + sj,t,k ≥ ηj,t,kej,t ∀j, t, k (15)∑
j x
F
j,t + s
F
t ≥ θt ∀t (16)
all decision variables ≥ 0 (17)
The objective function (1)-(5) of the model is to maximize the net present
value of the total profit (revenue less cost) of the renewable energy industry.
In (1), the first term is the total revenues from sales (β) and production
tax credits (ϕ) for W.G.S. power and biopower generation (x), and the sec-
ond term is revenue for cellulosic biofuel production. The discount factor r
is used to calculate the present value of future cash flows. The eight cost
terms in (2)-(5) are for, respectively, biomass production, biomass trans-
portation, renewable electricity generation (variable cost c plus fixed cost f),
biofuel production, capital investment (adjusted by investment tax credit) in
new renewable power plants, capital investment (adjusted by investment tax
credit) in biofuel production facilities, penalties for RPS non-compliances,
and penalties for RFS2 shortfalls. Constraint (6) requires that the amount
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of biomass production and imports minus exports must exceed demand from
R.C.I. sectors, biopower generation, and biofuel production (all converted
to BBtu). Constraint (7) sets the combined amount of biomass production
and imports as the upper limit for exports. Equations (8) and (9) update
the yearly capacities of renewable electricity generation (in MW) and biofuel
production (in gallon) to account for new additions. Constraints (10)-(12)
define the available capacity for biomass production, renewable electricity
generation, and biofuel production, respectively. Constraints (13) and (14)
set the upper bounds of new capacities for investment in renewable power
plants and biofuel production facilities that can be realistically put in due
to limitations in manufacturing capability, resource (material, labor, funds,
etc.) availability, and legislative requirements. Constraints (15) and (16) set
RPS and RFS2 requirements. The RFS2 target is an aggregate for all states,
whereas RPS mandates are specified for each state and each type of renew-
able energy. The binary parameter qv,j,k indicates whether or not renewable
electricity type v is included in tier k of state j’s RPS legislation. All decision
variables are required to be non-negative in Constraint (17).
3. Results
The linear program model (1)-(17) contains 261,603 decision variables
and 22,380 constraints. The entire data set take more than 1 MB of hard
drive space. It was programmed in GAMS and solved to optimality in a
few seconds on a desktop computer with standard configurations. Data used
for all sets and parameters in the model are explained in Appendix B. We
present our modeling results by answering the five motivating questions.
Q1: What are the potential interactions between RPS and RFS2?
A1: We assess the potential interactions between RPS and RFS2 by compar-
ing the modeling results with four cases of policy implementation: no
policy (case 1), RPS only (case 2), RFS2 only (case 3), and both poli-
cies (case 4). Numerical results are summarized in Table 1. Without
RFS2, RPS would increase 65.19 billion kWh/year of W.G.S. power and
25.85 billion kWh/year of biopower, averaged between 2013 and 2035.
This effect represents an increase of the nationwide renewable electricity
portfolio (excluding hydropower) from 6.87% in 2013 to 11.47% in 2035.
On the other hand, without RPS, RFS2 would increase nationwide cel-
lulosic biofuel production by an average of 7.69 billion gallons/year.
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The interaction of the two policies reduces the contributions of both.
Specifically, due to the competition for biomass from RFS2, a yearly
average of 7.70 million tons of biomass that would have been used to
generate biopower under RPS will be used to produce cellulosic biofuel
instead. Reversely, due to the competition for biomass from RPS, a
yearly average of 5.01 million tons of biomass that would have been
used to produce cellulosic biofuel under RFS2 will be used to gener-
ate biopower instead. We also point out that the interactions between
RPS and RFS2 have little impact on W.G.S.; they only affect the to-
tal amount of biomass production and the allocation of the biomass
resource for biopower and cellulosic biofuel.
Table 1: Modeling results in four cases
Case 1 Case 2 Case 3 Case 4
RPS X X
RFS2 X X
Average W.G.S. power generation (billion
kWh/year) from 2013 to 2035
320.68 385.87 320.68 386.01
Average biopower generation (billion
kWh/year) from 2013 to 2035
0.17 26.01 0.17 16.78
Average biomass used for biopower gener-
ation (million ton/year)
0.14 21.68 0.14 13.98
Average cellulosic biofuel production (bil-
lion gallon/year) from 2013 to 2035
0.02 0.02 7.71 7.41
Average biomass used for cellulosic biofuel
production (million ton/year)
0.32 0.32 128.54 123.53
Q2: Under RPS and RFS2, how will the competition for biomass between
biopower generation and biofuel production progress in the next two
decades?
A2: To address this question, we plot in Figure 3 the projection of four
sectors of renewable energy consumption in the U.S. that are based
on biomass resources. The R.C.I. projection is adopted from [1], the
non-cellulosic biofuel production is assumed to exactly meet the RFS2
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requirements, and the projections for biopower and cellulosic biofuel
are from our modeling results. The figure shows that biomass based
renewable energy will increase by 69% in the next two decades, with
R.C.I. and non-cellulosic biofuel accounting for a combined 95% and
87% in 2013 and 2035, respectively. The competition for biomass be-
tween biopower and biofuel is expected to turn sharply from biopower
being the dominating pathway to the opposite. Biopower is expected
to shrink by 67% over the next two decades due to lack of cost compet-
itiveness compared to W.G.S. power generation technologies as well as
the distraction from RFS2. This result is consistent with the findings
from [14] in which triticale straw-based biopower generation is less eco-
nomically competitive than coal-based electricity generation. Driven
by RFS2, annual production of cellulosic biofuel is expected to surge
from 0.14 billion gallons in 2013 to 8.91 billion gallons in 2022 (7.09 bil-
lion gallons short of the 16 billion-gallon target) and then 8.81 billion
gallons in 2035. The downturn of cellulosic biofuel production after
2023 is due to the assumed expiration of the cellulosic biofuel producer
tax credit in 2022.
Q3: Under RPS and RFS2, what is the outlook of renewable energy portfolio
in the U.S.?
A3: Table A17 in the Annual Energy Outlook 2012 [1] as well as our mod-
eling results can be used to address this question. In Figure 4, we plot
the EIA projection of renewable energy consumption broken into seven
categories. For the purpose of model validation, we also plot the same
seven categories of projection with an additional differentiation of cel-
lulosic and non-cellulosic biofuel from our modeling results in Figure 5.
Since our model does not include projections for non-cellulosic biofuel,
hydropower, and R.C.I., we use the same data for those sectors from
[1] in Figure 5. The overall trend of our projections is consistent with
the EIA results. However, we are more optimistic than EIA on the
growth of W.G.S. power but less so on biopower. In fact, EIA expects
biopower to grow 2.4-fold between 2013 and 2035, whereas we predict
a 67% shrink. Moreover, we are more optimistic than EIA about the
growth of cellulosic biofuel production before the 2022 deadline, but we
expect the production to stay at the same level with a slight fallback
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afterwards rather than continuing to grow throughout 2035 as EIA pro-
jected. According to Annual Energy Outlook 2012, 22.1 billion gallons
of biofuel (including cellulosic and non-cellulosic) will be produced in
2022, which is 13.9 billion gallons short of the RFS2 target. We pre-
dicted 28.91 billion gallons biofuel production in 2022, including 8.91
billion gallons cellulosic (by modeling results) and 20 billion gallons
non-cellulosic (by assumption) biofuels, which is 7.09 billion gallons
short of the target.
Q4: How will different states’ unique renewable energy portfolios evolve in
the next two decades?
A4: Figures 6-10 show the trends of top states in wind, geothermal, solar,
biopower, and cellulosic biofuel, respectively. Each curve represents
the trajectory of a certain type of renewable energy generation be-
tween 2013 and 2035 in a specified state. Whereas most states show
an increasing trend of renewable energy generation, biopower is shrink-
ing and losing the competition to cellulosic biofuel. Figure 11 plots
the renewable energy portfolios of top 30 renewable energy generating
states, which is broken into four types of resources: wind, geothermal,
solar, and biomass (for biopower and cellulosic biofuel). Non-cellulosic
biofuel or hydropower is not included in Figure 11.
Q5: What factors is the U.S. renewable energy portfolio most sensitive to?
A5: To quantify the sensitivity of renewable energy production with respect
to multiple parameters, we define three scenarios each comprising of a
set of values for these parameters: base case, optimistic, and pessimistic
scenarios. The optimistic and pessimistic scenarios are defined in such
a way that the nationwide total renewable energy generation would be
increased and decreased with respect to the base case, respectively. The
objective of this analysis is to identify parameters that would have the
most significant impact on the modeling results. Answers A1-A4 were
all based on the base case scenario, which we believe represents the
most likely realization of the uncertain parameters. Parameter values
for the base case scenario are described in Appendix B. The changes of
parameter values for these two scenarios are described as follows.
Optimistic scenario: Seven cost parameters (cu,j,t, cv,j,t, c
F
j,t, pii,j,t, fv,j,t, lv,j,t, l
F
j,t)
are reduced by 20% with respect to the base case. Two revenue
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parameters (βj,t, β
F
t ) are increased by 20%. The investment limits
Mv,j,t and M
F
j,t are increased by 20%. Two penalty parameters for
RPS and RFS2 non-compliances (µj,t,k, µ
F
t ) are increased by 50%.
Four expiration dates of investment and production tax credits
(ϕv,t, ϕ
F
t , λv,t, λ
F
t ) are all extended to 2035.
Pessimistic scenario: The seven cost parameters are increased by
20% and the two revenue parameters are reduced by 20%. The
investment limits Mv,j,t and M
F
j,t are decreased by 20%. The two
penalty parameters are reduced by 50%. The four expiration dates
of tax credits (ϕv,t, ϕ
F
t , λv,t, λ
F
t ) are expedited to 2023, 2013, 2016,
and 2013, respectively. These are the expiration dates set by the
current regulations, assuming no further extensions.
Our sensitivity analysis results are plotted in Figures 12-17. In each
figure, the effects of all uncertain parameters on one output in the
optimistic and pessimistic scenarios are shown against the base case,
and the effects are ranked from the largest on top to the smallest at the
bottom. Each bar in Figures 12-17 is obtained by running the model
(1)-(17) with only one change in the parameter (or set of parameters)
specified on the left-hand-side of the figures.
Figure 12 shows the sensitivity of the total renewable electricity gen-
eration with respect to the uncertain parameters we identified. Four
factors could affect the total generation by more than 5%: electric-
ity price, wind generation cost (including investment cost and variable
cost), PTC for wind, and investment limit on wind. These results
suggest that wind energy will play an important role in shaping the
renewable electricity development. Its economic or technological im-
provement and policy changes will have more impact than any other
type of renewable energy on total renewable electricity generation.
Figure 13 suggests that wind power generation is most sensitive to
five factors: wind generation cost, electricity price, renewal/expiration
of PTC for wind, investment limit of wind power, and RPS penalty.
Interestingly, either increasing or decreasing RPS penalty will reduce
wind power generation. If RPS penalty is decreased, then all renewable
electricity generation will fall. On the other hand, if RPS penalty is
increased, then solar power and biopower will increase, as can be seen
in Figures 15 and 16, but wind power will fall. These results demon-
12
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strate the interactions between multiple renewable energy resources and
technologies in response to policy changes.
Figure 14 suggests that geothermal power generation is most sensitive
to five factors: geothermal generation cost, investment limit of geother-
mal power, electricity price, and renewal/expiration of PTC and ITC
for geothermal. RPS penalties play a similar role as in wind generation.
Favorable changes in wind generation cost and investment limit of wind
power also affect geothermal generation, but in the opposite direction
as they have on wind generation. This is due to the substitutability of
W.G.S. resources in fulfilling RPS requirements.
Figure 15 suggests that solar power generation is most sensitive to
five factors: renewal/expiration of ITC for solar, solar generation cost,
investment limit of solar power, electricity price, and RPS penalty. For
solar, the increase (or decrease) of RPS penalty does intuitively increase
(or decrease) solar power generation. Favorable changes for competing
technologies also have negative effects on solar power.
Figure 16 suggests that many factors could significantly affect biopower
generation. We make two interesting observations. First, nine factors
could increase biopower generation by 80% or more, and seven of them
could also decrease the generation by 50% or more. Second, biopower
generation is very susceptive to the competition from cellulosic bio-
fuel. All favorable (or non-favorable) changes for cellulosic biofuel will
negatively (or positively) affect biopower generation, and four of these
factors could decrease (or increase) biopower generation by above 50%
(or 100%). In contrast, the same set of factors have much less effect
(below 20%) in the more mature W.G.S. technologies.
Figure 17 suggests that biofuel production is most sensitive to five
factors: renewal/expiration of PTC for biofuel, biofuel price, biofuel
cost, RFS2 penalty, and biomass cost, all of which could increase or
decrease cellulosic biofuel production by at least 32% and up to 89%. In
contrast to biopower, cellulosic biofuel production is much less sensitive
to competition from biopower and other types of renewable energy
policies.
13
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4. Conclusions
Our study focused on the potential competition for biomass from RPS
driven biopower generation and RFS2 driven biofuel production as well as
other interactions between these two policies. As perhaps the first study on
this topic, our model has several unique strengths that make it particularly
appropriate to address the five important questions Q1-Q5. First, our model
takes a systems perspective of the entire renewable energy portfolio. On
the resource dimension, availability of multiple renewable energy resources,
projection of all major demand sectors in the industry, and investment and
operating costs of different generation/production technologies are incorpo-
rated. On the geographical dimension, the differences of 50 states and Wash-
ington D.C. in renewable energy resource abundance, demand, RPS policies
(including different definitions of tiers, deadlines, and penalties), and invest-
ment constraints were all explicitly taken into account. On the temporal
dimension, a 23-year modeling horizon was used to observe how the U.S.
renewable energy industry evolves to pass one deadline after another set by
various RPS and RFS2 legislations. Second, our model is computationally
tractable. Efficient linear programming algorithms and software can solve
the model to optimality within a few seconds, which allows the model to be
solved multiple times to answer what-if questions and for sensitivity analy-
sis. Third, most of the parameters used in our computational study are from
publicly available database; when certain data are unavailable, assumptions
were carefully made and validated through multiple channels to fill in the
gap. Fourth, our computational experiment is conveniently repeatable and
extensible for further analysis. All parameters, variables, objective, and con-
straints of the model are explained; all of the data used as well as their
sources are described in Appendices A and B. As a result, improvement can
be easily made if additional features of the policy become the focal point of
a new research question or more detailed data become available.
Results from our model suggest that cellulosic biofuel production will
quickly dominate the competition for biomass against biopower generation.
This is because the biomass production and biopower generation costs are
higher than those for W.G.S. power, whereas cellulosic biofuel production
faces a stringent RFS2 mandate with no cheaper substitution. The renew-
able energy portfolios in 50 states and Washington D.C. could vary signif-
icantly, and they all have their unique trajectories throughout 2035. Our
sensitivity analysis reveals that W.G.S. power generation is relatively ro-
14
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bust with respect to various uncertain factors, whereas biopower and biofuel
are much more susceptible to uncertainty associated with (investment, gen-
eration, production) costs, (electricity and transportation fuel) prices, and
policies. These analysis results also suggest that the interactions between
RPS and RFS2 will have more impact on biopower than on biofuel.
As pointed out in the Introduction section, we made several simplifying
assumptions in the model, which may affect the accuracy of our results to
some extent. It would be difficult to integrate the strategic behavior of in-
vestors in the renewable energy markets without switching to a completely
different modeling approach, which may have limitations of its own. How-
ever, we expect that more credible results could be obtained by feeding the
model with more accurate data, such as investment and operating costs in
different states. Moreover, the model can be extended to incorporate ad-
ditional features, such as explicit modeling of the eligibility of hydropower
in different RPS legislations, given clarification of policy and availability of
data.
5. Appendix A
Sets
Notation Definition
J Set of 50 states in the U.S. and Washington D.C.
J RPS Set of 38 U.S. states with RPS (30) or RPG3(8)
Kj Set of tiers of RPS policy for state j ∈ J RPS
T Set of years within modeling horizon, T = {t1, t2, ..., tT}, where
T is the number of years in the modeling horizon.
U Set of four major types of biomass
V Set of four major types of renewable electricity resources
Parameters
Notation Definition Unit
cu,j,t Biomass production cost of type u ∈ U in state j ∈ J in
year t ∈ T
$/ton
3Renewable Portfolio Goal
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pii,j,t Biomass transportation cost from state i ∈ J to j ∈ J
in year t ∈ T
$/(ton
mile)4
cv,j,t/fv,j,t Renewable energy generation variable/fix cost of type v ∈
V in state j ∈ J in year t ∈ T
$/MWh
cFj,t Cellulosic biofuel production cost in state j ∈ J in year
t ∈ T
$/gallon
lv,j,t Capital investment cost of renewable electricity genera-
tion of type v ∈ V in state j ∈ J in year t ∈ T
$/MW
lFj,t Capital investment cost of cellulosic biofuel facilities in
state j ∈ J in year t ∈ T
$/gallon
βj,t Average wholesale electricity price in state j ∈ J in year
t ∈ T
$/MWh
βFt Average biofuel price in year t ∈ T $/gallon
ϕv,t Production tax credit for renewable electricity generation
of type v ∈ V in year t ∈ T
$/MWh
ϕFt Cellulosic biofuel producer tax credit in year t ∈ T $/gallon
λv,t Investment tax credit as a percentage discount of capital
investment of renewable electricity generation of type v ∈
V in year t ∈ T
unitless
λFt Investment tax credit as a percentage discount of capi-
tal investment of cellulosic biofuel production facilities in
year t ∈ T
unitless
µj,t,k Penalty for non-compliance with RPS tier k ∈ Kj in state
j ∈ J in year t ∈ T
$/MWh
µFt Penalty for non-compliance with RFS2 in year t ∈ T $/gallon
r Discount rate unitless
ρu Conversion factor of 1 ton biomass of type u ∈ U to 1
BBtu
BBtu/ton
dj,t Demand of biomass from the R.C.I. sectors in state j ∈ J
in year t ∈ T
BBtu
pu,j,t Availability of biomass type u ∈ U in state j ∈ J in year
t ∈ T
ton
pv,j,t0 Capacity of renewable electricity generation of type v ∈ V
in state j ∈ J in year t0, which is one year before the
first year in the modeling horizon
MW
4One mile equals to 1.6093 kilometers
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pFj,t0 Capacity of cellulosic biofuel production in state j ∈ J
in year t0
gallon
αv Capacity factor of renewable energy unitless
Mv,j,t Maximum level of new investment in renewable energy
facilities in state j ∈ J in year t ∈ T
MW
MFj,t Maximum level of new investment in cellulosic biofuel
facilities in state j ∈ J in year t ∈ T
gallon
qv,j,k Indicator of whether (qv,j,k = 1) or not (qv,j,k = 0) renew-
able energy type v ∈ V is included in the definition of
RPS tier k ∈ Kj by state j ∈ J RPS
unitless
ej,t Annual electricity consumption projection in state j ∈ J
in year t ∈ T
MWh
ηj,t,k RPS requirements or goals of tier k ∈ Kj in state j ∈
J RPS in year t ∈ T
unitless
θt RFS2 requirements in year t ∈ T gallon
Decision variables
Notation Definition Unit
ζ Net present value of total profit throughout the modeling
horizon
$
xu,j,t Biomass production of type u ∈ U in state j ∈ J in year
t ∈ T
ton
xv,j,t Renewable electricity generation of type v ∈ V in state
j ∈ J in year t ∈ T
MWh
xFj,t Cellulosic biofuel production in state j ∈ J in year t ∈ T gallon
yu,i,j,t Amount of biomass transportation of type u ∈ U from
state i ∈ J to j ∈ J in year t ∈ T
ton
zv,j,t New capacity of renewable electricity generation of type
v ∈ V in state j ∈ J in year t ∈ T
MW
zFj,t New capacity of cellulosic biofuel production in state j ∈
J in year t ∈ T
gallon/year
pv,j,t Renewable electricity generation capacity of type v ∈ V
in state j ∈ J in year t ∈ T
MW
pFj,t Cellulosic biofuel production capacity in state j ∈ J in
year t ∈ T
gallon/year
sj,t,k Renewable electricity generation shortfall of RPS require-
ments for tier k ∈ Kj in state j ∈ J RPS in year t ∈ T
MWh
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sFt Cellulosic biofuel production shortfall of RFS2 require-
ments in year t ∈ T
gallon
18
NOTICE: This is the author’s version of a work that was accepted for publication in Applied Energy. Changes resulting from the 
 publishing process, such as peer review, editing, corrections, structural formatting, and other quality control mechanisms may 
not be reflected in this document. Changes may have been made to this work since it was submitted for publication. 
 A definitive version was subsequently published in Applied Energy, 119, April 15 (2014), doi: 10.1016/j.apenergy.2014.01.002.
6. Appendix B
Sets
Notation Data or data source
J Data from [15] were used.
J RPS Data from [16] were used.
Kj Data from [16] were used.
T T = {2013, ..., 2035}.
U U = {agricultural residues, energy crops, forestry residues,
urban wood waste/mill residues}, as defined in [13].
V V = {wind, geothermal, solar, biomass}.
Parameters
Notation Data or data source
cu,j,t We assume $96/ton for all types of biomass for all states and a
3.5% annual increase (based on information obtained from per-
sonal contact with biofuel companies and research experience).
pii,j,t Average transportation cost is obtained from [17], and assumed
to be $0.5/(ton mile) for all types of biomass, all states, and all
years.
cv,j,t/fv,j,t Average costs from [18] were used for all states and all years.
cFj,t Average costs from Tables 14 and 17 of [19] were used for all
states and all years.
lv,j,t Average levelized capital costs in $/MWh from [18] were con-
verted to $/MW using average capacity factor and then used for
all states and all years.
lFj,t Average costs from Tables 13 and 16 of [19] were used for all
states and all years.
βj,t Average wholesale electricity prices for all states were obtained
from [20], and the growth rate was estimated from the U.S.
average end-use electricity price projection from [21].
βFt Motor gasoline prices from [1] was used as an estimate of the
average biofuel price.
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ϕv,t Current values of production tax credits were used with 2029 as
the expiration date for all types of renewable energy generation.
The current production tax credit policy applies to facilities that
begin construction before December 31, 2013, and the credits
generally last for 10 years after the facility was placed in service
[22]. The expiration dates of 2023 is used for the pessimistic
scenario assuming no extension of these credits.
ϕFt Data from [23] were used. The expiration date is assumed to be
December of 2022.
λv,t Data from [24] were used. The expiration date is assumed to be
December of 2025 for W.G.S. and biopower.
λFt A 15% discount of investment cost was used as the investment
tax credit for biofuel production. The expiration date is assumed
to be December of 2022. It is stated in [25] that “a second
generation biofuel production plant placed into service between
December 20, 2006, and December 31, 2013, may be eligible for
an additional depreciation tax deduction allowance equal to 50%
of the adjusted basis of the property.”
µj,t,k Data from [3] were used. Details are also summarized in Table
3 of [5]. We made reasonable assumptions for states with non-
binding goals or with unclear definitions of penalty, such as using
the average of other states’ penalties with certain discounts.
µFt Assumed to be $1/gallon for all years, which is in vicinity to
recent Renewable Identification Number prices for ethanol.
r Assumed to be 3.5%.
ρu Average values from Table A-2 of [26] were used.
dj,t Data were estimated using historical demand data from the
R.C.I. sectors from [27] multiplied by the projected growth rate
for nine regions in the U.S. Reasonable assumptions were made
to assign all states to those regions.
pu,j,t Data from [28] were used.
pv,j,t0 Existing capacity for wind, geothermal, solar, and biopower
plants were from [29, 30, 31], and [32], respectively.
pFj,t0 Data from [33] were used.
αv Average annual capacity factors from [18] were used.
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Mv,j,t These data were difficult to estimate since all states have their
unique strengths and limitations in manufacturing capability,
resource (material, labor, funds, etc.) availability, and legislative
environment. Our estimates were based on a careful review of all
50 states’ and Washington D.C.’ resources availability, existing
capacity, and historical growth rate.
MFj,t There is no cellulosic biofuel facilities operating in the U.S. How-
ever, according to Brown and Brown [34], nine commercial-scale
facilities in eight states are expected to be in operation by 2014.
For these eight states, we set the investment limit as twice of the
expected capacity by 2014; for other states, the limit is assumed
to be 30 million gallons/year.
qv,j,k Data from [3] were used.
ej,t Similar to dj,t, annual electricity consumption for each state was
projected through 2035.
ηj,t,k Data from [3] were used. RPS requirements for almost all states
were defined in percentages of total electricity consumption.
Two exceptions are Iowa and Texas, which mandated renewable
electricity generation capacity (MW). Appropriate adjustments
were made for these two states.
θt Data from [10] were used.
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Figure 1: The U.S. renewable energy portfolio in 2012. Data from [1]
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Figure 2: Modeling structure
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Figure 3: Projection of biomass based renewable energy consumption in the U.S. Results
from our model are combined with data from [1].
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Figure 4: Projection of renewable energy consumption in the U.S. from Table A17 in [1]
for the reference case
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Figure 5: Projection of renewable energy consumption in the U.S. from our model under
the base case scenario combined with partial data from [1].
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Figure 6: Wind power generation in top 20 states between 2013 and 2035.
Figure 7: Geothermal power generation in top 10 states between 2013 and 2035.
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Figure 8: Solar power generation in top 20 states between 2013 and 2035.
Figure 9: Biopower generation in top 10 states between 2013 and 2035.
27
NOTICE: This is the author’s version of a work that was accepted for publication in Applied Energy. Changes resulting from the 
 publishing process, such as peer review, editing, corrections, structural formatting, and other quality control mechanisms may 
not be reflected in this document. Changes may have been made to this work since it was submitted for publication. 
 A definitive version was subsequently published in Applied Energy, 119, April 15 (2014), doi: 10.1016/j.apenergy.2014.01.002.
Figure 10: Cellulosic biofuel production in top 20 states between 2013 and 2035.
Figure 11: Renewable energy portfolios in top 30 states broken into four types of resources
averaged between 2013 and 2035, excluding biomass for non-cellulosic biofuel production.
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Figure 12: Sensitivity of total renewable electricity generation.
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Figure 13: Sensitivity of wind power generation.
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Figure 14: Sensitivity of geothermal power generation.
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Figure 15: Sensitivity of solar power generation.
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Figure 16: Sensitivity of biopower generation.
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Figure 17: Sensitivity of cellulosic biofuel production.
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